Abstract. Anemometer and CO 2 concentration data from temporary campaigns performed at six CARBOEUROFLUX forest sites were used to estimate the importance of non-turbulent fluxes in nighttime conditions. While storage was observed to be significant only during periods of both low turbulence and low advection, the advective fluxes strongly influence the nocturnal CO 2 balance, with the exception of almost flat and highly homogeneous sites. On the basis of the main factors determining the onset of advective fluxes, the 'advection velocity', which takes net radiation and local topography into account, was introduced as a criterion to characterise the conditions of storage enrichment/depletion. Comparative analyses of the six sites showed several common features of the advective fluxes but also some substantial differences. In particular, all sites where advection occurs show the onset of a boundary layer characterised by a downslope flow, negative vertical velocities and negative vertical CO 2 concentration gradients during nighttime. As a consequence, vertical advection was observed to be positive at all sites, which corresponds to a removal of CO 2 from the ecosystem. The main differences between sites are the distance from the ridge, which influences the boundarylayer depth, and the sign of the mean horizontal CO 2 concentration gradients, which is probably determined by the source/sink distribution. As a consequence, both positive and negative horizontal advective fluxes (corresponding respectively to CO 2 removal from the ecosystem and to CO 2 supply to the ecosystem) were observed. Conclusive results on the importance of non-turbulent components in the mass balance require, however, further experimental investigations at sites with different topographies, slopes, different land covers, which would allow a more comprehensive analysis of the processes underlying the occurrence of advective fluxes. The quantification of these processes would help to better quantify nocturnal CO 2 exchange rates.
Introduction
There is increasing evidence that the rise of atmospheric carbon dioxide concentration (hereafter [CO 2 ]) resulting from anthropogenic CO 2 emissions is the main cause of climate warming. The role of the terrestrial biosphere and, in particular, of forests in mitigating or delaying such an effect is of the utmost importance, since the biosphere absorbs about one third of humaninduced CO 2 emissions (Schimel, 1995; Watson et al., 2000) .
The net ecosystem exchange (NEE) of CO 2 between forests and atmosphere is the result of the difference between two large fluxes: plant photosynthesis and respiration. NEE can be directly quantified at different time scales (daily, seasonal, annual) through micrometeorological measurements using the eddy covariance (EC) technique. This technique is based on the high-frequency measurement of the vertical wind speed and of the [CO 2 ] above plant canopies (turbulent eddy flux), coupled with measurements of CO 2 storage below the measurement point using slow response infrared gas analysers (Aubinet et al., 2000) . First implemented in 1951 (Swinbank, 1951) , the EC technique has been used more and more frequently in the last decade and is now applied at more than 200 sites (Baldocchi, 2003) . Further to providing an assessment of NEE, the method is unrivalled when it comes to describing and studying ecosystem response to climate. The integration of NEE data collected over forest ecosystems with other spatial information (meteorology, land cover, phenology) has already enabled a first estimation of carbon sequestration by European forests (Papale and Valentini, 2003) .
In spite of its success, however, the EC technique does have shortcomings. In particular, during stable conditions at night (light winds), an underestimation of the CO 2 fluxes using the EC method frequently occurs (Goulden et al., 1996; Jarvis et al.; 1997; Aubinet et al., 2000 Aubinet et al., , 2002 . This is because non-turbulent transport processes, not taken into account by the EC system, become significant under these conditions. The main processes taking place under these conditions are the storage of CO 2 in the air space below the measurement height and consequent drainage by advection. The importance of advection at night has been given more emphasis recently (Lee, 1998; Baldocchi et al., 2000; Pawu et al., 2000; Aubinet et al., 2003; Staebler and Fitzjarrald, 2004; Feigenwinter et al., 2004; Marcolla et al., in press) . As the night flux error acts as a selective systematic error (Moncrieff et al., 1996) , its impact on the net CO 2 exchange and on the estimation of the carbon sequestration by the forest is quantitatively important. A small nighttime bias error of 1 lmol m )2 s )1 , aggregated for 12-h nights over one year, is equivalent to 189 g C m )2 year )1
. Errors of this magnitude can produce unrealistic annual sums that cannot be supported by independent biological measurements of tree and plant growth.
Currently, an empirical correction is applied to compensate for the underestimation of nighttime flux measurements (Fan et al., 1995; Goulden et al., 1996; Falge et al., 2001; Gu et al., 2004 ). This correction is based on CO 2 flux measurements obtained during windy periods and on the friction velocity (u Ã ) that allows one to differentiate between a windy period and a non-turbulent period (light winds). This correction remains, however, difficult to apply as it depends on the relative importance of storage and advection at the site (Aubinet et al., 2002) .
In order to produce defensible measurements of net annual carbon fluxes, it is necessary to better understand the processes at work during stable conditions in forest ecosystems and, in particular, the conditions under which storage and advection occur in relation to climate, site topography and land cover.
Our aim is to compare the conditions in which CO 2 storage and advection take place at different sites in order to characterise their relative importance in relation to site topography, land cover and meteorological conditions.
Theory

CO 2 BUDGET EQUATION
The carbon dioxide mass conservation equation states that the CO 2 produced or absorbed by the biological source/sink is either stored in the air or removed by flux divergence in all directions. This equation has been developed and discussed in detail, notably by Finnigan (1999) , Finnigan et al. (2003) and Feigenwinter et al. (2004) . After applying Reynolds decomposition, spatial integration over a control volume of height h, ignoring the horizontal turbulent flux divergence and the horizontal variation of the vertical flux, and applying the continuity equation, the equation is reduced to:
where NEE represents the biological source/sink strength term, c is the CO 2 mixing ratio, V m is the molar volume of dry air, u, v and w represent the instantaneous velocity components in the horizontal (x, y) and vertical (z) directions, respectively, overbars represent time averages and primes departures therefrom. The four terms on the right-hand side represent, respectively, the storage of CO 2 in the air of the control volume, the vertical turbulent transport, the vertical advection and the horizontal advection. In most of the experiments, the sites are assumed to be sufficiently homogeneous for the NEE estimations be based on the turbulent transport and the CO 2 storage measurements, the two advection terms being neglected. As this hypothesis seems generally reasonable during daytime, it is more questionable in nocturnal conditions. Lee (1998) was the first to propose an estimation of the vertical advection term (V h ) as:
where w is the vertical component of the velocity measured at the control volume top depurated of topography and sensor misalignment effects, c h is the [CO 2 ] at the control volume top and the vertically averaged [CO 2 ], hci; is defined as:
This expression was used in several studies (Lee, 1998; Baldocchi et al., 2000; Paw et al., 2000) to derive estimates of NEE that take account of the vertical advection. However, this approach is still incomplete as it neglects the horizontal advection. This point was notably raised by Finnigan (1999) who argued that horizontal advection could possibly be of the same order of magnitude as the vertical advection. Later, budget equations using the Lee approach for the vertical advection, and taking into account the horizontal advection term, were used by Aubinet et al. (2003) , Staebler and Fitzjarrald (2004) and Feigenwinter et al. (2004) . A general definition of horizontal advection is:
However, at single sloping sites during stable periods, as the flow is driven mainly by buoyancy, the air movement can be considered as mainly twodimensional so that (4) reduces to:
EXPERIMENTAL REQUIREMENTS
The assessment of the advection terms based on Equations (2), (3) and (4) or (5) is a challenging task. It requires notably the measurement of the vertical velocity (Equation (2)) and of the horizontal [CO 2 ] gradient (Equations (4) and (5)), which are very small and often close to the resolution limit of the apparatus. The vertical velocity measurements can be contaminated by the horizontal velocity. The angles used to rotate the velocity in order to deduce its vertical component should thus be accurately computed and take into account the tilt due to the surface slope and the deflection by the sonic or the supporting structure. The method followed to perform these rotations is described below. The horizontal [CO 2 ] gradient measurement requires a carefully designed sampling system that avoids calibration mismatches, systematic and positioning errors. Calibration mismatches can be avoided by using the same infrared gas analyser (IRGA) to measure the [CO 2 ] in the same horizontal transect or by performing a continuous intercalibration when several analysers are used. Systematic errors may appear due to a pressure difference in the IRGA chamber. In order to avoid them, the sampling system should be devised so that all points are measured under the same chamber pressure. Vertical positioning of the sampling points is also critical, since the vertical [CO 2 ] gradient is much greater than the horizontal gradient. A small error in the sampling height can lead to a contamination of the horizontal gradient by the vertical one.
Sampling frequency should also be taken as large as possible in order to take account of short term [CO 2 ] variations. In view of the limited number of measurements than can be made by a single IRGA during one measurement period (typically, one half-hour), a compromise should be obtained in order to optimise the number of IRGAs that are used, the number of samples per period and the number of sampling points.
Materials and Methods
SITE DESCRIPTION
Experiments were developed independently at six sites: Bily Kriz (Czech Republic), Hesse (France), Le Bray (France), Renon (Italy), Tharandt (Germany) and Vielsalm (Belgium). All these sites were part of the European Union funded CARBOEUROFLUX network, which aims at investigating carbon and energy exchanges of terrestrial ecosystems in Europe. More details about this network are given in Valentini (2003) . The site characteristics that are most pertinent for the present study are given in Table I , as well as references where more information about the sites can be found.
MATERIAL
All the sites under investigation were equipped with the standard CARBO-EUROFLUX eddy covariance system, and we applied the standard (2004) methodology described by Aubinet et al. (2000) . The EC systems were used to measure the vertical turbulent fluxes of momentum, sensible heat, water vapour and carbon dioxide. They were also used to give an estimate of the boundary-layer stability (via the Obukhov length) and of the vertical component of the velocity at the tower top. In addition to this set-up, systems devised to measure [CO 2 ] and wind velocities at several locations were installed for temporary campaigns at each site. Their characteristics are given in Table II . Although the set-ups differed from site to site, all the systems had common features: one to three vertical profiles of [CO 2 ] and wind velocity were measured. Wind velocities were measured using sonic anemometers and [CO 2 ] using infrared gas analysers. Vertical profiles of [CO 2 ] included 4 to 13 points, according to the sites. In each case, a system involving pumps, tubes, filters and vanes was devised to carry the sampled air to the IRGA. Even if different compromises were chosen at the different sites, each system was designed in order to minimise the calibration, systematic and positioning error mentioned in Section 2.2. At the sites where horizontal [CO 2 ] gradients were measured, a single IRGA was used in order to avoid calibration mismatches. Systematic measurement errors due to a pressure difference in the chamber were avoided by using tubes of the same lengths for each sampling point and/or by using a two-pump system, one to transport the air at a high flow rate from the sampling point to a reservoir maintained at the atmospheric pressure, and the other to sub-sample the air at a lower rate from the reservoir to the IRGA. Positioning errors were minimised by carefully choosing the height of the sampling points in order to avoid any contamination by the vertical gradient. In addition, at Vielsalm and Hesse, the horizontal [CO 2 ] gradient was measured along a transect composed of six sampling points in order to check the gradient reproducibility. Sampling frequency was taken higher than at least nine sampling per half hour at each site but one. Half-hourly averages of the measured variables were used in the analyses.
Additional information about site devices is given in Aubinet et al. (2001 Aubinet et al. ( , 2003 for Vielsalm and Hesse, Feigenwinter et al. (2004) for Tharandt, and Marcolla et al. (in press) for Renon.
METHODS: ESTIMATION OF THE FLUXES
3.3.1. Storage The storage is defined as: A . 3, 6 3, 10, 14, 22, 40 B. 3, 10, 14, 22, 40 A. 1.3, 13.3, 22.4, 31.6, 41 B. 4, 32 2.5, 0.5 id. + 42 3, 6, 22
A . 5, 6, 7, 9, 13, 15 B. 0.25, 0.5, 1, 1.75, 5, 6, 7, 9, 13, 15 Concentration measurements It is deduced from the half-hourly variation of [CO 2 ] sampled at different heights according to:
where s is the duration of the time interval (1/2 h), the summation index corresponds to the different sampling points and h i is a weighing height characterising each [CO 2 ] measurement level.
Advection
Vertical advection computation is made by using Equations (2) and (3). Its estimation thus requires at least one vertical profile of [CO 2 ] and one measurement of the vertical velocity at the top of the control volume when the linearity assumption of the vertical velocity profile is introduced. At most of the sites, the vertical component of wind velocity was obtained from high frequency three-dimensional (3D) anemometric measurements applying a correction to the raw velocity according to the planar fit method (Wilczak et al., 2001 ). This method allows the prediction of the expected vertical velocity due to topography and sensor misalignment for wind coming from a given direction. A rotation angle in the u-w plane (b) is estimated from long-term observations of the wind vector, which is assumed to be a function of the wind direction only (azimuthal angle a). It is therefore estimated by fitting a sinusoidal regression on the b(a) graph and assuming that b (and thus " w) was zero over a long period for all wind directions. In order to reduce the spread of b estimations, only periods of near-neutral stratification were selected for this estimation (Finnigan, 1999) .
Horizontal advection estimations are based on Equation (4) or (5). They require simultaneous measurements of the vertical profiles of wind velocity and of horizontal [CO 2 ] gradients. At Hesse, Renon, Vielsalm and Bily Kriz, where the slope can be considered as uniform, the flow was supposedly two dimensional and the horizontal [CO 2 ] gradient was deduced from a single transect. At Tharandt, which is characterised by a more complex topography, a three-dimensional approach was followed and the horizontal gradients were deduced from three vertical profiles placed at the vertexes of a triangle. The instrumental set-up and the procedure for data analysis are described in detail by Feigenwinter et al. (2004) .
In view of the preceding sign conventions, a positive (negative) advection corresponds to a CO 2 removal from (supply to) the control volume.
Results and Discussion
STORAGE
The averaged daily course of the CO 2 storage is given in Figure 1 for each site. Even if the storage flux does not have the same importance at each site, it evolves in a similar way: positive storage is observed at night and negative storage in the morning. The first situation corresponds to a CO 2 build-up in the canopy that takes place under stable conditions, and the second to the release of this CO 2 , following either turbulence or leaf assimilation onset. The importance of the storage flux varies by about a factor of 10 from site to site: the averaged storage calculated between 1600 and 0400 was larger than 2 lmol m )2 s )1 at Le Bray, about 1 lmol m )2 s )1 at Vielsalm and Tharandt, 0.4 lmol m )2 s )1 at Hesse, and 0.2 lmol m )2 s )1 at Renon and Bily Kriz. Such variability can be explained partly by differences in source intensity (different soil organic matter quantity and quality, and different temperatures) and canopy height (storage volume), but it is also due to differences between advection and turbulence regimes.
Another notable feature in Figure 1 is represented by the low CO 2 storage values during the second part of the night -three times smaller than during the first part of the night. This is remarkable because it was observed at sites characterised by very different topographies, vegetation cover and wind regimes. The reason for this fall is not clear, but the mass conservation equation suggests that it should be due to either a decrease in source intensity or an increase in the CO 2 transport processes. A decrease in source intensity may result from soil cooling (as the temperature is the main driving variable of respiration), or from decreased CO 2 diffusion due to saturation in CO 2 of the air close to the soil surface. None of these processes, however, explains such an important reduction. Soil respiration measurements made using an automatic chamber at the Vielsalm site (Perrin et al., 2004) showed that the relative decrease of respiration during summer nights was lower than 20%, which is far smaller than the reduction observed. Also, the hypothesis concerning the gradient decrease does not appear to be realistic in view of the very high [CO 2 ] observed in the soil (several thousands of lmol mol )1 compared to several hundreds of lmol mol )1 in the air (Pumpannen et al., 2003) . The most likely explanation of the decrease in storage is therefore an increase in the transport processes. However, no increase in turbulent transport can be invoked here as the average friction velocity did not differ significantly between the first and second parts of the night. In addition, the storage response to turbulence was clearly different between the two parts of the night: at Vielsalm, in particular, values of the storage flux for identical u Ã were two to three times greater during the first part of the night compared to the second part (Figure 2) .
The remaining explanation would thus be an increase in advection as a non-turbulent transport process. However, the advection estimations presented below are not precise enough to support this hypothesis. Accuracy of these measurements should still be improved and analysis of other terms in the CO 2 balance (horizontal turbulent flux divergence, in particular) should be developed in order to better understand this behaviour.
We now compare the response of storage to turbulence and advection at each site. In order to eliminate any effect of the respiratory source intensity, the storage was normalised with the CO 2 source intensity, due to ecosystem respiration. It was parameterised by an exponential function of the temperature (Lloyd and Taylor, 1994 , Equation (11)):
in which the respiration at 10°C (R 10 ) was estimated for each site on the basis of soil respiration chamber measurements. Consequently, the normalised storage can be interpreted as the proportion of the respired CO 2 stored in the air below the measurement system. The evolution of the normalised storage flux with friction velocity for the six investigated sites is given in Figure 3a ; the average night values were calculated between 1800 and 0400 and grouped according to increasing u Ã . It is clear that, at all sites, the storage was insignificant at high friction velocities. This is logical as storage takes place only in the absence of other transport processes, particularly in the absence of turbulent transport. At very low friction velocities, however, very contrasting situations occur. At the Le Bray site, which is flat and relatively homogeneous, the normalised flux reached about 0.8, suggesting that 80% of the CO 2 produced by the respiration at night is stored in the air below the measurement point. The evolution of the turbulent flux with u Ã (data not shown) suggests that the remaining 20% was removed by turbulence. At Tharandt, Vielsalm and Hesse, which are gently sloping sites (2-4%) and at Renon and Bily Kriz, situated on steeper slopes (about 20%), the normalised storage did not exceed 0.4 and 0.1, respectively. The part of the CO 2 removed from the ecosystem therefore reached 60% and more than 90%, respectively. As this corresponds to small u Ã values, the CO 2 removal cannot be explained by turbulence. This suggests that, except at Le Bray, non-turbulent transport such as advection takes place at the sites.
In order to confirm this, we look at the dependence of storage on advection. To do this, we introduce an index similar to the free convective velocity scale as introduced by Tennekes and Lumley (1972) and Jacobs et al. (1994) . We call this the 'advection velocity' (u adv ), defined as:
where R net is the net radiation, qC is the thermal capacity of the air, T is the absolute temperature, g is the gravity acceleration, h is a scaling length and h is the slope angle. In the following results, h was fixed at 10 m. This index may be related to the average velocity established along slopes under the action of buoyancy and surface drag and thus to the mass flow generated by katabatic winds. This index is therefore expected to measure the importance of advection fluxes generated along the slopes by gravity flows. Justifications about the expression for this velocity are given in Appendix I. The evolution of normalised storage according to advection velocity is presented for all sites in Figure 3b , which shows that the storage is low at high advection velocities. This is especially clear over steep slopes, as at Renon and Bily Kriz, but also over more gentle slopes (Vielsalm, Hesse, Tharandt) where a decrease of storage with u adv was observed above 0.07 m s absence of advection. At the two first sites, the advection is due to katabatic flows generated by buoyancy along the slope. Due to the steepness of the slope, these flows are generated almost every night, which explains the very low storage values. On more gentle slopes these flows also develop, but to a lesser extent. They become significant only under strong negative net radiation, which is characterised by u adv values above 0.07 m s )1
. The largest storage values were observed at the Le Bray site, where the slope is zero and no katabatic winds occur. These high values suggest that the occurrence of a high advection is rare at this site.
At u adv values lower than 0.07 m s )1 , the index probably becomes less relevant. Indeed, in this range, low u adv values correspond generally to low net radiation and are often associated with turbulent periods. Therefore, the increase in storage that was observed below 0.07 m s )1 probably reflects, indirectly, a response of storage to turbulence that is not characteristic of the advection processes.
We may conclude from this analysis that, used together, the friction and the advection velocities allow the appearance of storage to be determined: it becomes significant when both the turbulent and the advective transports are limited. This corresponds to u Ã and u adv lower than 0.4 m s )1 and 0.07 m s )1 , respectively. This analysis could be refined, as follows. First, the u adv index could be improved by taking into account the differences in surface roughness that may induce strong differences between sites. Also, the analysis only considers advection flows stemming from gravity flows and does not take into account possible breezes resulting from land-use heterogeneities.
HORIZONTAL ADVECTION
Horizontal advection estimation requires a knowledge of vertical profiles of horizontal velocity and concentration gradients.
Horizontal Velocities
In nocturnal conditions, horizontal velocities can be induced at the local level by vegetation cover heterogeneity, drainage flows or mesoscale circulations. The resulting flow patterns are generally 3D and the measurement of horizontal advection therefore requires a complex measurement system with at least three sampling profiles (Feigenwinter et al., 2004) . On single slopes, however, horizontal wind velocities are due mainly to gravity flows generated by buoyancy. In these conditions, they are aligned parallel to the steepest slope direction. This makes the analysis simpler as the flow pattern can be considered as 2D. This is the case, in particular, at Renon, Vielsalm, Hesse and Bily Kriz. For the first three sites, the presence of gravity flows under nocturnal conditions is confirmed by the wind rose, as shown in Figure 4 . Indeed, the nocturnal wind roses differ from those measured during the day as they always show a peak corresponding to the steepest slope direction. This is north in Renon (Figure 4b ) and south-east in Hesse and Vielsalm (Figures 4d  and f) . In contrast, during diurnal conditions, no clear preferential direction appears (Figures 4a, c, e) excepted for Renon, which is characterised by a typical breeze circulation regime and where a preferential wind direction (south-south-west) is also observed during daytime (Figure 4a ).
The average nocturnal velocity profiles at Renon, Vielsalm and Bily Kriz are presented in Figure 5 ; all velocities are normalised by their value at the tower top. In all cases the velocities close to the soil are all oriented downslope; the negative value observed at Bily Kriz results from the fact that the velocity at the tower top is upslope. The Renon profile is monotonic, in contrast with those of Vielsalm and Bily Kriz that present secondary maxima. This suggests that above-and below-canopy flows are coupled in Renon and decoupled in Vielsalm and Bily Kriz. At the two latter sites, the gravity flow is confined below the canopy, while at Renon it develops within the whole canopy height. As a result, the velocity measured at the tower top characterises the katabatic flow, which is confirmed by the pattern of the corresponding wind rose (Figure 4b ). The degree of coupling between above-and below-canopy flows depends on the depth of the boundary layer in which the katabatic flow develops (katabatic boundary layer, KBL) and on the leaf area density (LAD) distribution in the canopy. Notably, the depth of the KBL depends on the distance from the hill crest. Models describing the evolution of the velocity field in KBL flows were developed by Manins and Sawford (1979) and Kondo and Sato (1988) . The latter predicted that the KBL depth (i.e., the height at which the minimum velocity is reached) would increase with distance from the crest at a rate depending mainly on the bulk heat exchange coefficient, and thus on momentum and heat roughness lengths (z o and z T , respectively). They predicted that for a ''rough'' terrain (i.e. z o ¼ 0.32 m, z T ¼ 0.01 m), at 100, 500 and 3000 m from the crest (which corresponds approximately to the positions of measurement points at Bily Kriz, Vielsalm and Renon), the boundary-layer depth would reach 7, 12 and 45 m, respectively, corresponding with the observations above.
The profile differences between the sites could also be explained by differences in LAD distributions, as these determine both the distribution of momentum (drag) sinks in the canopy and the thermal stratification. Indeed, under nocturnal conditions, the leaves act as heat sinks due to radiative cooling. LAD patterns are given in Figure 6a for Renon, Bily Kriz and Vielsalm; the leaves are concentrated mainly in the lower half of the canopy (below 12 m high) at Renon and in the upper half of the canopy (between 20 and 40 m) at Vielsalm. At Bily Kriz, even if the maximum LAD was observed in the lower canopy part, the cumulated leaf area in the upper quarter of the canopy is comparable to those of Vielsalm, due to a higher leaf area index (LAI). The temperature profiles reflect well these contrasting situations (Figure 6b ), the largest gradients being observed close to the soil at Renon, which is more typical of an open canopy, and close to the canopy top at Vielsalm and Bily Kriz, which are characterised by closed canopies. The strong temperature inversion that appears at the canopy level at the latter two sites would form an obstacle to any perturbation emanating from above. It is thus an additional cause of decoupling between above-and belowcanopy flows.
[CO 2 ] Horizontal Gradient
Horizontal [CO 2 ] gradients measured at 1-m height in nocturnal conditions are given in Figure 7 for Hesse, Renon and Vielsalm; this shows that either positive (i.e., in the same direction as the wind velocity) or negative (i.e., opposite to the wind velocity) gradients may be observed under advection conditions. The data presented in Figure 7 are averaged over long periods and denote systematic behaviours.
The average horizontal gradients at Hesse and Vielsalm were þ0.025 lmol mol )1 m )1 and )0.028 lmol mol )1 m )1 , respectively; the [CO 2 ] was found to evolve regularly from point to point, confirming the longitudinal repeatability of the measurements. At Vielsalm, a second transect displaced laterally by 50 m from the first one was measured; a similar gradient (dotted line) was found, confirming the representativity of the measurements. At Renon, a larger gradient was observed at 1-m height but appeared to be subject to a higher variability: about +0.18 lmol mol )1 m )1 in the first transect part, )0.039 lmol mol )1 m )1 in the second part and +0.079 lmol mol )1 m )1 on average. This is probably because the central point is in a forest gap colonised by grass wherethe [CO 2 ] is generally higher atnighttime. This showsthe high sensitivity of the horizontal gradient to source term heterogeneities.
Both positive and negative horizontal [CO2] gradients are theoretically conceivable. On one hand, the air passing through a control volume can be enriched in CO 2 thanks to the respiration of the sources situated in the volume. On the other hand, in the presence of vertical entrainment, it is mixed with air arising from above the canopy that is poorer in CO 2 and can thus be depleted in CO 2 . Both processes compete and can lead to either situation. In order to better understand the conditions of the appearance of positive or negative horizontal gradients, a simple model that describes the evolution of the [CO 2 ] in a KBL was developed. This considers the KBL as a single layer that flows along the slope and is fed by air entrained vertically at its top (entrainment hypothesis, Manins and Sawford, 1988; Aubinet et al., 2003) . The air is poorer in CO 2 above the KBL, compared to within, so that the entrainment induces a dilution of the CO 2 of the KBL. On the other hand, the soil respiration is simulated by a source placed at the soil level that produces CO 2 at a constant rate. In order to reach an analytical solution of the problem, the entrained mass flow and source intensity were presumed to be constant all along the slope, although this is not essential for the qualitative analysis that is made here. In addition, similarity of the vertical profiles of horizontal velocity and tracer concentration gradients was assumed, no particular hypothesis being made about the profile shapes. The soil respiratory rate, the entrainment rate and [CO 2 ] at the KBL top constituted the boundary conditions and the initial horizontal mass flow and the vertical tracer concentration gradient, the initial conditions. More details about the model are given in Appendix II. The model showed first that, in the absence of entrainment, the horizontal gradient can only be positive, the source term always enriching the KBL in CO 2 . In the presence of entrainment, the model showed that, at a long distance from source heterogeneities, the [CO 2 ] tends towards a uniform equilibrium value and the horizontal [CO 2 ] gradient disappears. Consequently, in conditions of uniform entrainment, horizontal gradients appear only downslope of any CO 2 source intensity heterogeneities. They are positive if the sources situated upslope are stronger than at the measurement point and negative in the converse situation. The distance necessary for the equilibrium to recover after a change in source intensity depends on the horizontal and vertical mass fluxes; our estimates suggest that this could reach several hundreds of metres, indicating that horizontal heterogeneous conditions may be the rule rather than the exception in forests.
In conclusion, the model described above confirms that, in the presence of entrainment, either positive or negative gradients could be observed at the sites, depending on the CO 2 source repartition upslope from the measurement transect. This hypothesis is still to be tested, and would require extensive measurements of the respiratory sources in the areas surrounding the measurement points. Besides, this analysis should be refined to take into account the possible lateral exchanges that could occur at sites where there is no privileged direction.
Advection Estimations
The sign of the horizontal gradient determines the sign of the advection terms. The results given in Figure 7 clearly show that horizontal advection is positive at Renon and Hesse (CO 2 is removed from the control volume) and negative at Vielsalm (CO 2 is brought to the control volume). A negative horizontal advection was also observed at Tharandt in more complex conditions (Feigenwinter et al., 2004) . The model predicted that both positive and negative advection are possible. In the absence of air entrainment, positive advection should take place. In the presence of entrainment and heterogeneity of source intensity, either positive or negative horizontal advection may appear, depending on the source/sink distribution. In the absence of new heterogeneities, however, the KBL tends to an equilibrium after a few hundred metres, and horizontal advection should disappear. Under these conditions, in the absence of storage or turbulence, the source term is thus compensated only by vertical advection. This is the situation that was described by Lee (1998) and that would be reached in conditions of horizontal homogeneity.
The computation of advection fluxes also requires knowledge of the profile shape of the horizontal [CO 2 ] gradients. Marcolla et al. (in press ), has suggested that these gradients decay at about 16 m at Renon; at Vielsalm this height is even smaller, about 6 m. These results suggest that the transport of CO 2 by horizontal advection does not take place in the whole KBL but only in its lower part, in agreement with Staebler and Fitzjarrald (2004) . As a result, the horizontal advection order of magnitude varies from 0.5 to 5 lmol m )2 s )1 at Renon (Marcolla, et al., in press ) and from 0.1 to 1 lmol m )2 s )1 at Vielsalm. More experimental studies and modelling efforts are needed to better understand the CO 2 distribution in the KBL and to better describe the vertical profiles of horizontal [CO 2 ] gradients and improve horizontal advection estimates.
VERTICAL ADVECTION
The vertical advection can be estimated from Equations (2) 
Vertical Velocities
The evolution with stability of vertical velocities measured at the tower top is presented in Figure 8 . The results show that, even if no clear tendency was observed under unstable conditions, the velocities during stable conditions are often negative, i.e., directed to the soil. This was the case at all the sites, except Hesse where the vertical velocity remained close to zero across the whole stability range. At Bily Kriz, significantly negative values were observed only under very stable conditions. Negative velocities characterised a vertical flow towards to the soil. In the cases of sloping sites, Aubinet et al. (2003) suggested that the negative velocities were due to entrainment of the air above the canopy by the katabatic flow, but could also be an effect of natural convection, due to leaf cooling. Values of the average vertical velocities varied greatly from site to site: they were about 0.02 m s )1 at Vielsalm but reached 0.07 m s )1 in Tharandt and Renon. The origin of these differences is not clear. However, the measurements should be interpreted differently at each site, as they correspond to different conditions. It was shown in Section 4.2 that the point where the vertical velocity was measured was located in the KBL at Renon and situated well above at Vielsalm and Bily Kriz. In these latter sites the vertical velocity could not be representative of the real entrainment, and vertical profiles of vertical velocity would be necessary to better quantify the entrainment.
Let us also remark that the vertical velocity observations at the sites are coherent with the horizontal [CO 2 ] gradient observations and the KBL model predictions. Indeed, at Hesse, where the vertical velocity was close to zero, the gradient was positive while at Tharandt and Vielsalm, where negative gradients were observed, measurements clearly indicated a negative vertical velocity. This is in agreement with the model, which predicted that in the absence of entrainment, the horizontal [CO 2 ] gradient should be positive, and that a negative vertical velocity was a necessary condition to observing a negative horizontal [CO 2 ] gradient.
[CO 2 ] Vertical Gradient
Vertical profiles of [CO 2 ] are presented for nocturnal and diurnal conditions in Figures 9a and b ; in each case, the height is normalised by the canopy height. Vertical profiles of the difference between daytime and nighttime [CO 2 ] are also presented in Figure 9c . All the [CO 2 ] vertical gradients exhibited the typical daytime and nighttime patterns: they were all negative and larger in absolute value close to the soil. In addition, the average concentrations were systematically higher at night than during the day. The night CO 2 accumulation was the greatest at Le Bray and greater at Vielsalm and Hesse than at Renon and Bily Kriz (Figure 9c ), confirming the results presented in Figure 3 . Under diurnal conditions, the gradients were also negative at all sites, except at Renon and Le Bray where they were zero. This can be explained by the more open character of the canopy at these sites compared to the others, as already shown by the temperature profile (Figure 6 ) for Renon.
Advection Estimates
In view of the [CO 2 ] gradient and vertical velocity signs, the vertical advection will always be positive when significant (i.e., at four of the sites studied here). Vertical advection will thus always contribute to remove CO 2 from the control volume. On the basis of the [CO 2 ] profiles and vertical velocities presented here, the order of magnitude of vertical advection varied from 0.1 lmol m )2 s )1 at Bily Kriz to more than 5 lmol m )2 s )1 at Renon and 10 lmol m )2 s )1 at Vielsalm. These values are simple averages, however, and do not take into account the large variability of these fluxes, depending notably on the stability. As no estimation of the vertical velocity was made at Le Bray, it was not possible to evaluate vertical advection at this site. In addition, the high advection values at Vielsalm resulted from high estimations of vertical velocity. This variable was thought not to be representative of the real entrainment process and could be overestimated.
Conclusions
Nighttime CO 2 transport processes were investigated at six CARBOEU-ROFLUX sites. During periods of low turbulence, storage and advection were found to be the main processes at work in the canopy. The relative importance of storage and advection varied greatly from site to site, being mainly determined by the local slope. At the flat site of Le Bray, advection was negligible and most of the CO 2 produced by respiration was stored in the air below the measurement point. In contrast, at steeply sloping sites (Renon, Bily Kriz), the CO 2 storage was almost insignificant and the advection was the main transport process. At moderately sloping sites (Tharandt, Hesse, Vielsalm), the two processes coexisted and their relative importance varied depending on the weather conditions: advection was important, especially under low turbulence and strong negative net radiation; storage was significant in the absence of both turbulence and advection. A criterion (u adv ) based on net radiation and site topography was introduced in order to select the periods when storage became important.
The advection fluxes were globally positive (i.e., corresponding to a removal of CO 2 from the ecosystem) but were distributed differently between vertical and horizontal advection: at one site (Hesse), vertical advection was almost zero and horizontal advection positive; at three other sites, vertical advection was positive, with positive horizontal advection at one site (Renon) and negative horizontal advection at two others (Vielsalm, Tharandt). This shows that the nighttime CO 2 balance can present very different patterns from site to site, depending on the topography (slope, distance from the hill ridge), land cover (LAD distribution, surface roughness) and horizontal source heterogeneities.
The computation of the CO 2 advection fluxes and the description of the conditions in which they appear remain difficult and require further experi-mental and theoretical research. In particular, further investigation is needed, as follows: -The decrease in storage after midnight that was observed at all sites remains unexplained. It was shown that it could not be ascribed to a source decrease or to a turbulence onset. It is thus presumed to be due to an increase of advection in the second part of the night. This would make sense as advection takes place on sloping sites under the action of buoyancy, following surface cooling, and thus appears more likely in the second part of the night. At present, advection measurements are not accurate enough to allow this hypothesis to be checked. In addition, this hypothesis is challenged by the Le Bray results where the storage decrease was also observed while no advection was found at this site. -The u adv criterion was useful for distinguishing sites dominated by storage and by advection. The validity of the criterion needs to be confirmed by more measurements at more sites with different topographies. In addition, the criterion could be refined by introducing roughness parameters for which roughness measurements at the sites should be performed. -Either positive or negative horizontal [CO 2 ] gradients were observed at each site. We built a model that predicted these signs to be linked to entrainment and to the direction of the heterogeneity. These predictions need to be verified. Extensive measurements are required to describe the source repartition at the sites more accurately. -Knowledge of the vertical distribution of the horizontal [CO 2 ] gradient is necessary to allow an accurate estimation of the horizontal advection flux. This gradient has been measured only at a few sites. More measurements of the vertical distribution of the horizontal gradient are needed at the sites, as well as a theoretical investigation that predicts the evolution of the [CO 2 ] field in the KBL. -The measurement of vertical velocity is essential to the determination of vertical advection. First, the position of the measurement appears critical. It should be made at the top of, or within, the KBL in order to represent the real entrainment exerted by the KBL on the ambient air. In sites where the KBL is confined below the canopy, this would require placing an additional sonic anemometer in or below the canopy. In addition to the measurement position, the method is very sensitive to measurement uncertainties. Aubinet et al. (2003) estimated a 1°error in tilt angle to induce 0.025 to 0.06 m s )1 errors in vertical velocity and 2.5 lmol m )2 s )1 on the flux. Alternative and more robust methods of estimating w could be investigated. One possibility would be to deduce w from the mass conservation equation by using several vertical profiles of horizontal velocities. In single sloping sites, a minimum of two profiles would be enough if lateral flows were ignored. In spite of technical difficulties, this method would have the advantage of integrating the measurement on the whole transect and being more representative than a single point estimation of w. -Finally, the analysis presented here focused on advection generated by gravity flows along single slopes. It did not address the problem of more complex topographies that could generate 3D movements, or of breezes that could be generated by land cover heterogeneities and might even affect flat sites.
The sensible heat exchange may be written (Arya, 1988) :
where C H is the bulk heat transfer coefficient.
From the mechanical equilibrium, we deduce that:
which, combined with (A3), gives:
from which we deduce that:
In practice, (A6) could not be used directly because, (i) the drag and bulk heat transfer coefficient are not measured at the sites, (ii) the measurement of H is affected by important uncertainties in nocturnal conditions, and (iii) the height of the boundary layer is not always well known. However, by supposing that the net radiation can serve as an indicator for sensible heat and by neglecting possible variations of C M , C H and h among sites it is possible to establish an index, for h ¼ 10 m, as
that takes both the site topography and the radiative cooling intensity into account.
Appendix II
The two-dimensional continuity and tracer conservation equations are: 
According to (B4a), the sum of the last two terms of (B4b) is zero. Similarity, the vertical profiles of horizontal velocity and concentration difference may be expressed as: and Equations (B4) become: . This suggests, in particular, that above homogeneous terrain and at sufficient distances from the edge the vertical concentration difference depends only on the source intensity and on the wind velocity pattern, and the horizontal gradient is zero.
